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ABSTRACT

Direct detection of planets around nearby stars requires the development of high-contrast imaging techniques,
because of their very different respective fluxes. This led us to investigate the new coronagraphic approach
based on the use of a four-quadrant phase mask (FQPM). Combined with high-level wavefront correction on an
unobscured off-axis section of a large telescope, this method allows high-contrast imaging very close to stars.
Calculations indicate that for a given ground-based on-axis telescope, use of such an off-axis coronagraph provides
a near-neighbor detection capability superior to that of a traditional coronagraph utilizing the full telescope
aperture. A near-infrared laboratory experiment was first used to test our FQPM devices, and a rejection of
2000:1 was achieved. We next built an FQPM instrument to test the feasibility of near-neighbor observations
with our new off-axis approach on a ground-based telescope. In June 2005, we deployed our instrument to
the Palomar 200-inch telescope, using existing facilities as much as possible for rapid implementation. In these
initial observations, stars were rejected to about the 100:1 level. Here we discuss our laboratory and on-sky
experiments, and the results obtained so far.
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1. INTRODUCTION

The exciting scientific goal of direct exoplanet detection requires the development of new measurement techniques
to meet the exacting contrast requirements. Imaging a faint companion close to a much brighter star requires
being capable of observing with high contrast ratio (ratio of the flux of the bright parent star to the flux of the
fainter companion) at small inner working distance (IWD). However, practical issues such as large IWDs limit
coronagraphs based on classical Lyot1 techniques (use of an opaque disk to block the on-axis light). Of course,
diffracted and scattered light limit all coronagraphs to varying extents. Different novel approaches are thus being
studied to overcome these limitations2–10.

This led us to implement a novel high-contrast coronagraph to allow for detection in the immediate vicinity
of bright stars. This coronagraphic method uses a Four-Quadrant Phase Mask3,11–14 (FQPM) in place of the
opaque disk in a classical coronagraph, in conjunction with an off-axis section of the telescope, in order to ensure
high rejection (ratio of the flux of a bright star without the coronagraph in place to the remaining flux for
the same star with the coronagraph in place). The advantages of this approach are the capability of detecting
companions very close to the parent star, together with a geometrical design that is wavelength independent.
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Figure 1. Principle of coronagraphy with a Four Quadrant Phase Mask.

2. FQPM PRINCIPLE

Figure 1 presents the principle of the coronagraph using a Four Quadrant Phase Mask3. The general setup is
identical to the one of a classical Lyot coronagraph, but here the opaque occulting mask has been replaced by a
transparent phase-mask providing a π phase shift in two diametrically opposed quadrants of the incoming focal-
plane electric field. A circular unobscured pupil (a) gives an Airy disk (b) in the focal plane, which is focused
at the exact crosshair of the mask (c). The mask is composed of four quadrants, the two of them diametrically
opposed along one diagonal being phase-shifted by radians compared to the other two. Destructive interferences
will then occur between the different part of the electric field, and in the next pupil plane (d), instead of a
uniformly lighted circular disk, the flux is consequently repartitioned so that almost all the light is in the area
surrounding the pupil, which is now visible as a dark disk. A Lyot stop (e) in this pupil plane, slightly smaller
than the pupil size (90% here) then blocks the light surrounding the pupil (the intensity scales for images d and e
are different for better clarity). When focusing the electric field obtained after the Lyot stop, one gets an image
(f) where the flux in the center has been attenuated by a huge factor. Optimum attenuation occurs only for an
object perfectly centered on the mask crosshair. Any off-axis object or structure in the nearby region of a star
centered on the mask will thus not suffer this effect and remain visible. One advantage of such a phase mask is
its symmetrical and achromatic design, compared to circular phase masks2,9 where the size of the mask has to
be adapted to each wavelength. This concept also allows measurements very close to the parent star (one Airy
radius or lower), where classical amplitude masks have a dark region of several (3 to 10) Airy radius.
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